A computerized growth and yield model based on a variable density stand table projection system using 1-inch-wide diameter classes has been developed for projecting expected stand conditions in southwestern mixed conifer and ponderosa pine stands, including the effects of dwarf mistletoe. Stand management options include both even-aged and uneven-aged cutting methods.
Introduction
Stands in the ponderosa pine (Pinus ponderosa var. scopuJorum Engelm.) cover type occupy about 10 million acres in Arizona, New Mexico, and Colorado (Schubert 1974) . While much of this area is occupied by essentially pure ponderosa pine stands, a portion of the area may be more accurately described as mixed conifer. Mixed conifer forests occupy about 2.5 million acres in New Mexico, Arizona, and southwestern Colorado on sites more moist than those occupied by pure stands of ponderosa pine (Jones 1974 Lemm.). Corkbark fir is replaced by subalpine fir (A. lasiocarpa var. lasiocarpa (Hook.) Nutt.) in northern Arizona and southwestern Colorado. Mixed conifer forests may contain as few as two or as many as all eight of these species intermixed (Jones 1974) . Both southwestern ponderosa pine and mixed conifer forests are being more intensively managed than in the past to enhance timber production and values of other resources. In addition, there is an increasing need to evaluate tradeoffs in favoring other resource values over timber production.
Growth and productivity information for southwestern forest types has been limited to simple stand structures and species composition (Edminster 1978 , Gottfried 1978 , Larson and Minor 1983 . As Jones (1974) indicated, growth prediction tools are needed for predicting yields in more complex stand conditions of mixed species and irregular and uneven-aged structures.
Computer program GENGYM (GENeralized Growth and Yield Model) has been developed and calibrated to produce a comprehensive growth and yield model for use in mixed conifer and ponderosa pine stands in the Southwest. The basic structure of the GENGYM model is similar to stand table projection methods available for more than half a century (Meyer 1930 (Meyer , 1935 Wahlenberg 1941) . Most stand table projection systems have been limited to projections using recently observed growth rates. These systems are, therefore, only useful for short-term projections and have often been limited to stands of simple species composition. The limitation of using recent growth rates in the projections may be overcome by developing prediction equations for peri-odic diameter development that include stand density and a measure of the relative competitive position for trees in a particular size class. Two stand table projection models have been previously developed for use in the Southwest, but they are limited to pure stands of ponderosa pine and do not include effects of dwarf mistletoes on growth and mortality relationships (Hann 1980, Larson and Minor 1983 ).
The basic model units of the GENGYM model are 1-inch-wide diameter classes for each of the species occurring in mixed conifer and ponderosa pine stands.
Prediction equations have been developed to estimate 10-year periodic development of diameter, periodic mortality, and height-diameter relationships for each species. Basis model relationships also include effects on specific tree species of these dwarf mistletoe species: on Douglas-fir, Arceuthobium dougJasii (Engelm.); on ponderosa pine, A. vaginatum subsp. cryptopodum (En- in the stands selected for sampling. Stands dominated by Douglas-fir in terms of basal area composition were selected for sampling to cover as wide a range of stand conditions as possible. Temporary plots were located in areas of homogeneous stand density, site quality, and species composition. Stand structures included twostoried, multistoried, irregular, and nearly balanced uneven-aged. Both natural and partially cut stands were included in the sample. The partially cut stands could not have been disturbed less than 12 years before sampling to allow for at least 2 years adjustment before 10-year periodic measurements were made. Plot size varied with stand density, with at least 150 live trees present. Average plot area was 0.284 acres (range 0.032-1.023 acres). A total of 237 temporary plots were established for the mixed conifer study on five national forests in the Southwest. Plot distribution by national forest was: Apache-Sitgreaves, 94 plots; Lincoln, 57 plots; Carson, 47 plots; Santa Fe, 27 plots; and Kaibab, 12 plots. Twenty of the plots were selected at random to be used for model verification and were deleted from the calibration data.
To add the ponderosa pine cover type to GENGYM, 150 temporary growth plots were established in pure stands and in stands dominated by ponderosa pine following the same standards used for mixed conifer stands, except that the sample included both even-aged and uneven-aged stand structures. In even-aged stands, plot area was adjusted to include at least 100 live trees. Average plot area was 0.455 acres (range 0.026-2.198 acres). Plot distribution by national forest was as follows: Coconino, 46 plots; San Juan, 30 plots; Kaibab, 23 plots; Apache-Sitgreaves, 21 plots; and Carson, 11 plots. Of the 150 temporary ponderosa pine plots, Douglas-fir was represented in one or more diameter classes in 23 plots, and white fir was represented in 16 plots. In addition to the temporary plots, data from the Taylor Woods levels of growing stock study (Ronco et al. 1985) were included in the calibration data set for ponderosa pine. The Taylor Woods study represents intensive even-aged management and provided 18 plots ranging in size from 0.75 to 1.24 acres, covering two 10-year growth periods.
The Taylor Woods plots are also located within the Coconino National Forest. Because of past stand management practices, the ponderosa pine data set included a much higher proportion of managed stands than the mixed conifer set. Twenty-six of the ponderosa pine plots were selected at random for model verification; these were deleted from the calibration data.
Once plot boundaries were surveyed, diameter outside bark (d.b.h.) was measured to the nearest 0.1 inch at breast height (b.h.) on all trees. Ten-year periodic radial wood growth was measured from increment cores taken at b.h. on what appeared to be an average diameter for each tree. Past d.b.h. outside bark was computed using relationships for Engelmann spruce (Myers and Alexander 1972) for all spruces, Douglas-fir, and true firs.
Ponderosa pine past d.b.h. relationships (Myers 1967) were used for all pines and other conifers. Relationships for aspen (Mowrer and Edminster 1985) were used for all hardwoods. Total tree heights and height to com-pacted live crown were measured to the nearest foot. Ages were sampled across the range of diameters from increment cores at b.h. Periodic mortality was estimated based on condition of dead trees. While it was generally easy to determine if trees had died within the last 5 years, determining 10-year mortality was often more difficult. In mixed conifer plots, sample dominant Douglas-firs were measured for b.h., age, and total height for the determination of site index (Edminster et al. 1991) . Where suitable trees of other species were also available, additional site trees were sampled, but Douglas-fir was the only species available for site index determination on all mixed conifer plots. Seedling presence and height development were measured on at least two 6-foot-wide transects across each plot. In ponderosa pine plots, sample dominant ponderosa pines were measured for determination of site index (Minor 1964) . Site index was not determined for other species when present. Measurements of seedling presence only were included on a 0.01-acre subplot in the center of the ponderosa pine plots.
Other species were occasionally encountered in field sampling; these were grouped into other softwoods and other hardwoods categories in the mixed conifer data set.
Other softwoods included bristlecone pine (Pinus aristata Engelm.), pinyon (P. edulis Engelm.), and juniper (Juniperus spp.). Other hardwoods included Gambel oak (Quercus gambelii Nutt.), New Mexico locust (Robinia neomexicana Gray), and willow (Salix spp.) . The reliability of relationships developed for these species is probably quite low because of the small sample sizes.
In the ponderosa pine data set, the d.b.h. of species other than ponderosa pine, Douglas-fir, and white fir were measured for computation of stand basal area, but other growth, height, and mortality data were not collected.
Data Analysis and Model Relationships

Determination of Basic Model Unit
Before regression analysis to develop needed relationships could begin, a decision on a suitable diameter class width was needed. Diameter class widths of 1 and 2 inches were examined. Within each plot, trees were grouped into diameter classes, and diameter classes containing 10 or more trees were tested for uniform diameter distribution by the Kolmogorov goodness-of-fit test (Conover 1971). The uniform distribution was selected to simplify modeling movement of trees into larger diameter classes following growth. At the 0.05 level of significance, the hypothesis of uniform diameter distribution was rejected for slightly over 4% of the 1-inch classes and nearly 36% of the 2-inch classes in the mixed conifer data set. In the ponderosa pine data set, the hypothesis of uniform distribution was rejected for nearly 6% of the 1-inch classes and over 40% of the 2-inch classes. Therefore, we selected the 1-inch diameter classes as the basic unit for the model for each species represented in a stand.
Tree measurements for each plot were summarized and averaged by 1-inch diameter classes before analy-sis to develop model relationships. Summary statistics for major diameter class attributes (d.b.h., height, and dwarf mistletoe rating (DMR) (Hawksworth 1977)) and stand characteristics (basal area and site index) are summarized in table 1. The calibration data covered a wide range of all these variables for each major species.
However, use of the model relationships in stands of low density (less than 60 square feet of basal area in mixed conifer stands and less than 30 square feet of basal area in ponderosa pine stands) or on very poor or on excellent sites (site indexes less than 50 or greater than 100 feet) would be an extrapolation beyond the range of the calibration data. Also, the average basal area levels in the data are generally higher than residual stand densities left after stands are partially cut in intensive management.
Model Relationships
We developed relationships in the GENGYM model for predicting future diameter, mortality, and seedling ingrowth for a 10-year period and height and crown length using BMDP (Dixon 1983) and SAS/STAT (SAS Institute 1988) multiple and stepwise linear and nonlinear regression and discriminant analysis routines. In addition to linear forms of independent variables, we also considered in linear regression analyses various transformations, including squares, square roots, natural logarithms, squares of natural logarithms, and their reciprocals. Transformations of the dependent variables were avoided. Generally, including two forms of an independent variable was avoided except where graphical examination showed a trend in residuals. Cross products of independent variables and their transformations were avoided because they are difficult to interpret. Sensitivity analysis and graphical inspection of residuals were used to ensure each regression relationship produced reasonable predicted values across the range of calibration data.
To simplify the discussion of model relationships, the following abbreviations for variables are used: SI = site index (feet) for Douglas-fir in the mixed conifer type or for ponderosa pine in the ponderosa pine type at base age 100 years (Edminster et al. 1991 , Minor 1964 
Prediction of Diameter in 10 Years
The major driving relationship in the GENGYM model is the prediction of average d.b.h. of a full-inch diameter class at the end of a 10-year growth projection period.
We tested the performance of various dependent varia-bles related to average class d.b.h. at the end of the projection period using data for Douglas-fir in the mixed conifer type and ponderosa pine in the ponderosa pine type. These dependent variables were average class d.b.h. and basal area at the end of the period, periodic class d.b.h. and basal area growth, and the difference between the square of d.b.h. at the end of the period and The GBATBA term is a measure of the location of a subject diameter class in the basal area distribution. It has a value of nearly 1 for the smallest diameter class and a value of 0 for the largest diameter class. After DBH, TBA or In TBA, and GBATBA were included in the models, crown length and crown ratio were not significant variables and were dropped from the analysis. Nonlinear transformations of initial diameter were also significant for all species but aspen and other softwoods. In the mixed conifer type, periodic d.b.h. growth was most highly correlated to a linear term of TBA. In the ponderosa pine type, periodic growth was most highly correlated to In TBA. This result for the mixed conifer type may be the result of high variability in growth response. Future analysis of additional managed stands may demonstrate a nonlinear trend with stand density similar to the ponderosa pine type. Periodic d.b.h. growth was also most highly correlated with linear DMR. This may be the result of averaging responses of trees within a diameter class that have a range of infection levels. Development of a meaningful model for other hardwoods was not possible as no significant relationship to stand variables could be developed from the calibration data; the equation for other softwoods is also used for hardwoods other than aspen.
Results of the regressions (table 2) showed that, as expected, coefficients of determination were quite high because of the strong relationship of projected diameter to initial diameter. Standard errors of estimate were fairly large, indicating a substantial amount of unexplained h. growth for tree species in mixed conifer stands at site index 80, assuming the diameter class is at the midpoint of the basal area distribution, and total stand basal area from 50 to 300 in increments of 50 square feet per acre. ponderosa pine type equation performed more reliably.
In the model for the mixed conifer type, if TBA is less than 65 square feet per acre or the proportion of basal area in ponderosa pine is greater than 0.5, the model switches to ponderosa pine type equation. If the proportion of ponderosa pine basal area is less than 0.3 in a mixed conifer stand, the mixed conifer equation is used, and if the proportion of ponderosa pine basal area is between 0.3 and 0.5, a sliding average of the response predicted by the mixed conifer and ponderosa pine type equations is used. This switching between forest type equations produces more consistent predictions for ponderosa pine diameter response in a fairly common management scenario of favoring ponderosa pine in mixed conifer stands experiencing impacts of insects or diseases in other species. growth for ponderosa pine in the mixed conifer (MC) and ponderosa pine (PP) types at site index 70, assuming the diameter class is at the midpoint of the basal area distribution.
Prediction of Height
A nonlinear model based on a generalization of the Richards (1959) growth curve was adopted for the prediction of average height (HT) of trees without dwarf mistletoe in a 1-inch diameter class from DBH, SI, and TBA. The Richards growth curve was selected as it is also the basis of site index curves for Douglas-fir (Edminster et al., 1991) and provides a reasonable approximation to site index curves for ponderosa pine (Minor 1964) , and the curve form uses DBH as a surrogate variable for age. The height model is: HT = hi SI h2 (l-exp (h3 DBH)) h4 TBAh5 + 4.5 [2] where hi = coefficients to be estimated, exp = the exponential function, and all independent variables are based on current values.
The term involving SI serves as an asymptote to the height-diameter curve. The TBA term partially determines the rate at which the curve reaches the asymptote. In higher density stands, for a given site index, it is expected that trees will have a smaller diameter but will reach the same height as in less dense stands where trees will have a larger diameter and the same height at about the same age. Coefficients and goodness-of-fit statistics for equation [2] are given in Examination of residuals from the height prediction showed the predicted height for diameter classes with DMR values greater than 0 to be greater than actual height. This increase was in addition to the effect of DMR on the prediction of d.b.h. A ratio adjustment factor (HR) was developed to account for this overestimation. The equation for the ratio adjustment took the following form:
where ri = coefficients to be estimated. This multiplicative ratio is only calculated if DMR is greater than 0. If the computed ratio is greater than 1, it is set to 1 and has no effect on height prediction. To develop the ratio model in the mixed conifer type, it was necessary to average values by DMR class. A relationship was developed for Douglas-fir and ponderosa pine (table 4), but no significant trend was found for spruce.
Coefficients of determination and standard errors of estimate are based on the averaged values. A corresponding relationship previously developed for pure ponderosa pine stands (Myers et al. 1976 ) is used in the ponderosa pine type and is also shown in table 4. The overall contribution of these DMR impacts in predict- Examination of the height-diameter relationship demonstrated that while it produced estimates of height development in even-aged stands consistent with two 10-year observations from Taylor Woods (Ronco et al. 1985) , it generally underestimated height development in even-aged stands projected from establishment to rotation age at full stocking where stand density had a considerable effect on diameter development. To overcome this shortcoming, the model uses site index curve relationships (Edminster et al. 1991 , Minor 1964 for evenaged stands to estimate periodic changes in class average height from average age rather than average d.b.h. of the class. Figure 4 presents a comparison of the predicted development of average stand height in a wellstocked plantation using the height-age relationship from site index curves and the height-diameter relationship from equation [2] on site index 70 lands in the ponderosa pine type. A multiplier based on GBATBA is used to reduce the calculated site index height for trees throughout the basal area distribution in even-aged stands. This multiplier can range from 1.0 for the largest trees to an average minimum of 0.768 observed for smaller trees in the Taylor Woods plots, and it is used for both forest types. This procedure is used for all species in even-aged stands.
Prediction of Crown Length
While crown length was determined to be unnecessary in the prediction of future DBH, it is included in GENGYM for use in linking to other models that may require information on tree crowns. Crown length (CL) can be predicted using the following relationship: CL = cO + cl DBH + c2 HT + c3 TBA [4] where ci = coefficients to be estimated, and all independent variables are based on current values.
Results of the regressions are given in for all other species, and DBH was also significant for Douglas-fir and blue spruce in the mixed conifer type and ponderosa pine in the ponderosa pine type. Coefficients of determination were relatively high. However, standard errors of estimate were about the same as for height prediction.
Prediction of Periodic Mortality
As we expected, developing meaningful relationships to predict the proportion of trees dying in a 10-year period was one of the most difficult analysis problems. For the mixed conifer type, reliable mortality relationships could not be developed directly because of variability in the diameter class data. An alternate approach of grouping observations into categories and predicting category average response was adopted to reduce variability. Categories were based on 5-inch-wide diameter and DMR classes were 0-1.5, 1.5-2.5, 2.5-3.5, 3.5-4.5, and greater than 4.5. The following model was then fit to average values for the categories for the mixed conifer type: PMRT = mO + ml DBH + m2 In DBH + m3 DMR + m4 In (DMR + 1) + m5 InTBA [5] where PMRT = the proportion of trees dying in a 10-year period, mi = coefficients to be estimated, and all independent variables are based on values at the beginning of the projection period.
Results of the regressions are shown in table 6. Even with this averaging, the relationships were fairly weak, as shown by the coefficients of determination and the large standard errors of estimate, which are based on average values for the categories. In the model if DBH is less than 1, DBH is set to 1 before PMRT is computed.
These mortality relationships are also used for seedlings with DBH set to 1. If a predicted value of PMRT is less than 0 or greater than 1, PMRT is set to 0 or 1, respectively. The equation for predicting ponderosa pine mortality in mixed conifer stands was especially disappointing as the only significant independent variable was DBH, and mortality could not be shown to be related to DMR or stand density.
The availability of a large proportion of data from managed stands in the ponderosa pine type allowed us to develop an alternative model for mortality. The prediction of mortality was viewed as a two-step process. The first step was to determine if mortality was expected, and if so, then predict how much mortality would result in a given diameter class. Nearly 2,200 diameter classes with initial average d.b.h. greater than 1 inch were placed into one of two groups; those with no periodic mortality (1,787 classes) and those with some or all trees in the class dying (409 classes). Discriminant analysis was then used to develop classification functions for predicting in which group an observation be-
longed. An alternative method using stepwise logistic regression with equal prior probabilities and prior probabilities set to observed probabilities for each group was also attempted. Classification functions developed from discriminant analysis consistently gave the highest jackknifed estimate of correct classification for the two groups. The resulting classification functions were: where CFNOMT = the classification function for group with no mortality, CFMT = the classification function for group with mortality, SUMGBA = sum of basal area in classes larger than the subject class, and all independent variables are based on values at the beginning of the projection period.
A particular diameter class is placed into one of the two groups by computing the classification function value for each group and assigning the class to whichever group has the largest classification function value. The jackknifed estimate of correct classification for the group with no mortality was 76.8%, and for the group with mortality, 73.3%. Next, we developed an equation to predict how much mortality occurred in classes with observed mortality. Number of trees dying in a class during a 10-year period, basal area dying, and the proportion of trees dying were considered as dependent variables in the analysis. Stepwise regression was used to develop prediction equations for each dependent variable. Predicting basal area dying produced the stron- and all independent variables are based on values at the beginning of the projection period. If the estimate of BADEAD is greater than or equal to BA, all trees in the class are assumed to die. If BADEAD is negative, no mortality is assumed. Mortality relationships for ponderosa pine in the mixed conifer type and the ponderosa pine type are compared in figure 5 . The dotted line represents the mixed conifer equation, which is only related to class average d.b.h. For the ponderosa pine type, DMR for each diameter class is assumed to be 0, diameter classes up to 20 inches are assumed present in each stand, and each diameter class is assumed to contain an equal proportion of total stand basal area. The upper dark dashed and solid negative sigmoid curves in the figure are the posterior probabilities of mortality occurring derived from the classification functions (Afifi and Clark 1984) for TBA equal to 200 and 100 square feet per acre, respectively. Note that no mortality is assumed to occur when the posterior probability falls below 0.5. The lower dashed and solid curves are the percent mortality predicted to occur from equation [7] for TBA equal to 200 and 100 square feet per acre, respectively. The shape of these curves in the figure are dependent on the assumption that all classes contain equal basal area. In reality, most stands will have a higher proportion of basal area in larger diameter classes, which would cause the percent mortality curves to have a negative slope. Because the ponderosa pine mortality equation for the mixed conifer type is not sensitive to stand density or structure, it overestimates mortality for small diameters in stands with a high proportion of ponderosa pine or at low stand densities. In these situations, the model switches to the mortality relationships for the ponderosa pine type in a manner similar to that described for diameter projection. Recent studies of the life expectancy of ponderosa pines with a DMR of 6, conclude that 50% of the trees will die in a 10-year period (Hawksworth and Geils 1990 ). If predicted mortality from the above equations is less than 50% for classes with a DMR of 6, it is set to 50% in the model. Results of the regression analysis are given in table 7. Because of the poor relationship to stand characteristics, the user is strongly encouraged to provide stand specific height growth estimates for seedlings rather than rely on the default relationships presented in table 7. Data to develop similar relationships for the ponderosa pine type were not available, and the user must input height growth estimates for the type as described in appendices 1 and 2.
Periodic Ingrowth of Seedlings
Computation of Volume
Volumes are computed from average diameter and height within a diameter class using tree volume equations developed by Hann and Bare (1978) . Only equations for gross volumes inside bark for unforked trees are included. Volume equations compute total cubic feet including the stump and top, merchantable cubic feet excluding the stump and top, and board feet Scribner rule of the merchantable stem excluding the stump and top. In the current version of GENGYM, no volumes are computed for other softwoods or other hardwoods.
Periodic Intensification of Dwarf Mistletoe
Intensification of dwarf mistletoe in Douglas-fir is based on individual tree relationships developed by Table 7 .-Coefficients and goodness-of-fit statistics for the prediction of the proportion of seedlings moving above b.h. in a 10-year period in mixed conifer stands (equation [8] Geils and Mathiasen (1990) . The probabilities associated with an individual tree increasing 0, 1, 2 or more classes are used to compute an expected increase for trees within a diameter class with a given initial average DMR.
Intensification for ponderosa pine is based on the whole stand relationships used by Myers et al. (1976) . While these intensification relationships are strictly applicable to pure ponderosa pine stands, they are the best available information for use in mixed conifer stands as well.
No intensification relationships are available for blue spruce or Engelmann spruce. The Douglas-fir relationship is used in GENGYM for both spruces.
Dwarf mistletoe affects diameter projection, height prediction, and mortality relationships in GENGYM. To demonstrate the cumulative effects on stand level projections of the intensification and impacts relationships for dwarf mistletoe, a hypothetical stand was created by splitting off the Douglas-fir component of the stand used in the appendices. This pure Douglas-fir stand represents a well-stocked stand with irregular stand structure growing on site index 80 land. Two runs of the model for a time period of 100 years each were made with no intermediate treatments. The first run assumed no infestation by dwarf mistletoe, and the second run assumed all diameter classes had a DMR of 1 at the initial age. Results of the simulations are shown in figure 6 , which compares merchantable cubic volume production for the two scenarios. At the end of 100-year simulation, the uninfested stand is projected to contain about 9,500 merchantable cubic feet per acre. Volume production in the infested stand is projected to reach a maximum of about 6,300 merchantable cubic feet per acre in 50 years and then decline to near the initial volume. Increased mortality in the heavily infested smaller diameter classes is the primary cause for this volume decline.
Verification of Model Relationships
The 20 plots deleted from the calibration data for the mixed conifer type were used in an independent examination of the principal relationships in the GENGYM model. Tree measurements from the plots were summarized by 1-inch diameter class in the same manner as tree measurements from the calibration data. The verifica- tion data included all the major species. Adequate data were not available for other softwoods or hardwoods. Total stand basal area ranged from 93 to 250 square feet per acre, with a mean of 168. The site index range was 56 to 102 feet, with a mean of 78. The data available from the verification data allowed for examination of the future diameter, height, crown length, and proportion of mortality relationships. Application of the prediction equations presented earlier to observations in the verification data resulted in the residuals summarized in table 8. The residuals were also graphed against the independent variables in each relationship. Other than a bias in prediction for some relationships, no other consistent trends in the residuals were evident in the graphs.
The relationships for the prediction of diameter at the end of a 10-year growth period were supported by the verification data for Douglas-fir, ponderosa pine, aspen, white fir, and blue spruce in the mixed conifer type. Relationships for Engelmann spruce, southwestern white pine, and corkbark/subalpine fir resulted in significant underestimation of diameter at the end of a 10-year period. Examination of the observations in the verification data showed that for each species, tree age was considerably younger than the average ages in the calibration data. Although age was not significantly related to diameter growth after diameter was included in model relationships from the calibration data, this result supports closer examination of diameter development as related to tree age in future modeling. The results for Engelmann spruce and corkbark/subalpine fir may also suggest that relationships developed from the mixed conifer type may underestimate performance of these species, which are usually associated with the higher elevation spruce-fir type. While the differences for Engelmann spruce and white pine were not too much greater than normal measurement error, the mean residual for corkbark fir was substantially larger. The amount of variability for all species can be seen by examining the maximum and minimum values for the residuals.
The user of the model is strongly encouraged to sample growth responses and use the diameter growth calibration available, if observed growth rates are substantially different from model predictions.
Model relationships for the direct prediction of height were supported by the verification data for Douglas-fir, ponderosa pine, blue spruce, southwestern white pine, and corkbark/subalpine fir. The relationships for aspen, white fir, and Engelmann spruce resulted in significant overestimation. Again observations for these species were from trees with younger average age than the calibration data. The method used in the model of indirectly deriving change in height based on change in diameter over a 10-year period results in actual height predictions consistent with height growth trends from whole-stand models for Engelmann spruce and aspen, however (Edminster 1978) .
Relationships for the direct prediction of crown length underestimated observed values for blue spruce, Engelmann spruce, and corkbark fir. These results further supported not using crown length as an independent variable in diameter prediction function. Relationships for the prediction of proportion of mortality were supported by the verification data for Douglasfir, ponderosa pine, blue spruce, Engelmann spruce, southwestern white pine, and corkbark/subalpine fir. Mortality was significantly overestimated for aspen and white fir. As noted earlier, average age for both species in the verification data was younger than in the calibration data. Results for these species may just be due to variability in the samples, or they may be indicative of increased incidence of disease impacts in older trees in the calibration data. While the mortality relationships in GENGYM seem to produce reasonable results on an average regional basis, they may not produce reliable results when applied to a specific set of stand conditions. Because of the highly variable nature of mortality both in time and location, the user is again encouraged to employ mortality adjustments available in GENGYM if observed and predicted mortality are substantially different.
Based on this limited examination of the performance of the mixed conifer relationships, it seems that species also associated with the higher elevation spruce-fir type (Engelmann spruce, corkbark/subalpine fir, and aspen), as well as shade-tolerant white fir, are most likely to exhibit growth and mortality responses different from model relationships. The mixed conifer data best represent stands dominated by Douglas-fir. Model relationships may not perform reliably in stands where other species comprise the dominant component.
For the ponderosa pine type, the 26 plots deleted from the calibration data were available for an independent examination of model relationships. Average total stand basal area in the verification data was 113 square feet per acre, with a range of 19 to 226. The site index range was 60 to 104 feet, with a mean of 80. For species other than ponderosa pine, relationships from the mixed conifer type were used because of inadequate calibration data. Limited observations for Douglas-fir and white fir in the plots selected for model calibration were included in the verification data. Use of the mixed conifer type relationships for species other than ponderosa pine assumes that relative site quality is similar for both forest types. The user is cautioned that adequate data are not available to support this assumption. In addition, the use of the mixed conifer type relationships assumes similar species responses regardless of the dominant species in the stand. As shown earlier, this apparently does not hold for ponderosa pine when relationships for the two types are compared.
For ponderosa pine, all major model relationships were supported except the direct prediction of height from diameter. Examination of the residual plots for estimated periodic diameter growth showed a general underestimation of response at low stand densities, however, indicating the user should use the diameter growth calibration feature in the model for stands that are to be managed at low densities. Examination of the verification data showed a higher proportion of evenaged plots than in the calibration data. Use of heightage relationships based on site index in the even-aged plots of the verification data resulted in a nonsignificant mean residual, supporting the use of these relationships in the model as described earlier. The examination of mortality for ponderosa pine included applying the classification functions to determine if mortality was expected and the BADEAD relationship to predict the amount.
Data for Douglas-fir in the ponderosa pine type did not support the use of the mixed conifer relationships. The Douglas-fir data represented very young trees compared to the calibration data for the mixed conifer type. Model verification demonstrated that the response of the dominant species in each forest type in the Southwest appears to be well described by the model. This limited examination of the reliability of the prediction functions in GENGYM is not intended to replace an independent validation using plot data from a designed study. The purpose was to assess in an informal manner the reliability of the equations when applied to specific stands. While the calibration functions in GEN-GYM seem to produce reasonable results, the above verification points to the variability in actual outcomes that may result when the relationships are applied to a single plot or stand of interest. The model allows the user to calibrate the diameter and mortality prediction functions to current observed levels if this is needed to produce reliable results. Variability in stand response was large in the data set used for calibration. Some of this variability undoubtedly results from the complex stand structures and species compositions encountered.
As more stands are brought into managed conditions, some of the variability in response should be reduced.
There continues to be a need to establish designed permanent plots to further investigate and calibrate the relationships presented above over long periods of time.
A final caution to the user of GENGYM is that model performance has not been adequately tested in stands managed by use of group selection cutting methods. The model uses total stand basal area as the measure of stand density. Within individual groups, density effects will probably be considerably different from that represented by average density for the stand. Calibration features for diameter growth and mortality in the model may not be adequate to account for the response of trees in the groups or on the edge of groups. It may be necessary to model group conditions separately and integrate group responses to project stand response.
Model Structure and Operation
Program GENGYM for IBM PC's 3 and compatibles, as calibrated for the mixed conifer and ponderosa pine forest types in the Southwest, consists of a main program and 25 subroutines. The program is written in a modular form designed for expansion to other forest types. The program has been developed using the Microsoft 3 FOR- 3 The use of trade and company names is for the benefit of the reader; such use does not constitute an official endorsement or approval of any service or product by the U.S. Department of Agriculture to the exclusion of others that may be suitable. TRAN version 5.0 compiler running under Microsoft DOS version 4.01 operating system. The object code has been linked to the emulator mathematics package to allow use of the executable file on PC's with or without a mathematics coprocessor. The executable file is less than 177 kilobytes in size. The only nonstandard code is a call in subroutine TABLE to date and time subroutines available in Microsoft FORTRAN to label the output tables for future reference. The program is executed by entering GENGYM at the DOS prompt.
A flow diagram ( fig. 7) shows the order of program execution and subroutine calls. The main program begins processing by opening required input files (GENINPCTL and GENINP.DAT) and output files (GENOUTDBH. GENOUTSPP, GENOUTSTD, GENOUT.NET, GENOUT.
DAT). The input files must exist in the subdirectory from which GENGYM is executed or an error will result that terminates processing. To avoid possible partial overwrit- The main program then begins a series of sequential calls to subroutines CUT and GROW to execute scheduled cutting operations and periodic growth projections, respectively, for as many cuts and projection periods as specified in record 1 of file GENINP.CTL. Subroutine TABLE is also called by subroutines CUT and GROW to write removals and residual stand characteristics from each cutting operation and stand conditions at the end of each projection period into the output files. The output files GENOUT.DBH, GENOUT.SPP, and GENOUT. STD contain stand conditions at the diameter class level, summarized by species and whole stand, respectively. Volumes in these three output files are based on gross volume equations (Hann and Bare 1978) . File GENOUT.DBH contains stand table information for each species present in the stand. File GENOUT. STD resembles a whole stand yield table produced by program RMYLD (Edminster 1978) . File GENOUT.NET is also a whole stand summary file except that volumes are based on adjustments from gross to net and stockable area contained on record 3 in file GENINP.CTL. An additional file, GENOUT.DAT, is provided that contains diameter class values at each period in input file format. This file may be useful to users wishing to simulate cutting operations not currently available in the model. The user can edit the GENOUT.DAT file to reflect the desired treatment, rename the file to GENINP.DAT, and resume running the model. EACUT performs removals in a mechanistic manner from above or below according to species priority set on record 2 of input file GENINP.CTL until desired residual stand density, expressed as trees per aces, basal area per acre, or percent of current basal area is attained.
In addition to even-aged cutting, an uneven-aged cutting option is available in subroutine CUT. Subroutines NEGEXP, ADJUST and UEACUT are called in succession to perform uneven-aged cutting. First, subroutine NEGEXP computes the desired residual diameter distribution using methods presented by Alexander and Edminster (1977) . The q-ratio used in GENGYM is for 1-inch diameter classes, which is the square root of the Q-ratio for 2-inch diameter classes. Subroutine ADJUST then balances surpluses and deficits between the actual stocking curve and desired residual curve computed by subroutine NEGEXP. If a deficit exists between the actual stocking curve and the desired residual curve for a particular diameter class, successive adjacent diameter classes are examined to make up the deficit stocking.
Using these stocking adjustments, subroutine UEACUT then actually performs the cutting. The results of uneven-aged cutting in a stand of irregular structure are shown in figures 8a (trees per acre) and 8b (basal area).
If a cut that includes provision for controlling dwarf mistletoe is being simulated, subroutine CUT calls subroutine DMCUT to estimate residual DMR levels us- ing relationships of proportion of trees infected to DMR (Myers et al. 1976 ). If dwarf mistletoe is present in Douglas-fir, ponderosa pine, Engelmann spruce, or blue spruce, subroutine DMCUT assumes that cutting will remove infested trees first in computing a new proportion of residual trees infested to compute residual DMR. Subroutine CUT then checks to see if regeneration establishment is scheduled to occur (record 5 of file GENINP.CTL). If regeneration establishment is scheduled, subroutine ESTRGN adds new seedlings to the stand table.
Subroutine TABLE is then called to write removal and residual stand characteristics to the output files. After a call to subroutine CUT, the main program attempts to read another set of cut controls from file GENINP.CTL. If another cut is scheduled for the current time period, the main program calls subroutine CUT again. This provision allows for multiple cuts to occur at a single time period. If a cut is scheduled for a later time period, this information is stored and accessed after the required number of growth projections has been made. Subroutine GROW is called by the main program to perform all operations associated with periodic mortality and growth projections. For species other than ponderosa pine in the ponderosa pine forest type, mixed conifer relationships are used because of a lack of adequate calibration data for other species in the ponderosa pine type. If the specified projection period is less than 10 years (record 1 of file GENINP.CTL), the mortality, future diameter, and dwarf mistletoe intensification computations are adjusted for a proportion of a 10-year period. The subroutine first calls subroutine CALCBA to establish a basal area distribution and total stand density at the beginning of the projection period.
Next subroutine MORTAL reduces seedling and tree density to account for periodic mortality. Subroutine CALCDM then computes the DMR distribution by species and diameter class at the beginning of the projection period. Starting with the largest diameter class and working down to the smallest diameter class, successive calls are made to subroutine DBHGRO, which contains the future diameter regression equations. If the projected diameter exceeds maximum values set in subroutine SETMAX, the projected diameter is set to the maximum value. For each diameter class of each species, a future diameter is calculated and, based on this new diameter value, trees are moved into new 1-inch classes.
The process of moving trees after a new diameter is projected is best demonstrated with an example ( fig. 9 ). Suppose the initial average d.b.h. for a class is 8.5
inches, and after a call to DBHGRO, the average d.b.h. at the end of the projection period is estimated to be 9.2 inches. A temporary 1-inch-wide class value is constructed around 9.2 inches. This temporary class extends from 8.7 to 9.7 inches (9.2 ± 0.5). The break between the usual full-inch classes occurs at 9 inches (the largest integer less than 9.7). The next computation involves determining the proportion and average diameter of trees that remain below and move above the full-inch class below 9 inches is 0.3 (9-8.7), and the proportion above 9 inches is 0.7 (9.7 -9). The average diameter below the break is 8.85 inches (the average of 8.7 and 9), and the average diameter above the break is 9.35 inches (the average of 9 and 9.7). These proportions of trees and new average diameters are then used to split the former temporary diameter class centered at 9.2 inches into fullinch classes for 8-inch and 9-inch trees. The values for the 8-inch class will be averaged with trees moving into the class from below, if any, and the values for trees that moved into the 9-inch class will be averaged with trees that remained in that class, if any.
Subroutine GROW then calls subroutine HEIGHT to estimate an average total height corresponding to the initial average d.b.h. and the d.b.h. at the end of the projection period (8.5 and 9.2 inches, respectively, in the example above). The difference between these estimated heights is then added to the actual initial average height to arrive at the expected height at the end of the projection period. A ratio of change in height to change in d.b.h. for the projection period is computed and used to compute the average height of trees above and below the full-inch class diameter break. Average age is incremented by adding the length of the projection period.
Subroutine CRNLEN then computes a new crown length corresponding to the average d.b.h. and height values above and below the diameter break. If the estimated crown length from CRNLEN is greater than the initial crown length, the change in crown length is limited by the computed change in average height. If the estimated crown is less than the initial crown length, the amount of decrease is bounded by 1.5 times the change in average height.
Subroutine DMINT then estimates the intensification of dwarf mistletoe if present in Douglas-fir, ponderosa pine, Engelmann spruce, or blue spruce. Using the proportion of trees, number of trees surviving, and new average characteristics computed above and below the diameter break, DMINT computes the values for the current full-inch classes by weighting by the numbers of trees moving into new classes and those remaining in former classes. Subroutine VOLUME then computes gross volumes using these new average values for each full-inch diameter class. The process is continued through the smallest diameter class for each species.
Subroutine SEEDUP projects height growth of seedlings or proportion of seedlings moving above breast height into the 0-inch class. Subroutines CRNLEN and VOLUME then compute crown lengths and volumes of trees that have moved above 4.5 feet tall. Subroutine GROW then calls subroutine AMD to make any needed adjustments in stand density if the average maximum density value (Edminster et al., in press) computed by subroutine AMDEQN has been exceeded. Subroutine AMD removes a proportion of the trees in each diameter class equal to the proportion of stand density that exceeds the average maximum value and adjusts remaining volumes. If regeneration establishment is scheduled, subroutine ESTRGN is called to establish seedlings specified on record 5 in input file GENINP.CTL. Subroutine CALCBA then computes a final basal area distribution after the growth projection, and subroutine TABLE writes this to the output files.
The main program then checks to see if a cutting operation is scheduled, and if so, calls subroutine CUT.
Otherwise, another call is made to subroutine GROW. This pattern continues until the final growth projection period specified (record 1 of file GENINP.CTL) is reached and the simulation run is terminated. The output files may then be examined with a text editor or printed. The output file containing net volumes (GENOUT.NET) will be empty unless net volume adjustments are specified in record 3 of file GENINP.CTL. Samples of the output files are included in appendix 3. 6.0 inches.
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The following 10 variables set the species retention priorities for cutting. See the order of species and default values for each forest type given below. The lower the number, the higher the retention priority. That is, a value of 1 indicates the species will be cut only after all other species in a diameter class have been cut. Each species or species group must be given a unique value. Legal values are 1 to 10. All 10 fields must contain a value, even if a specific forest type uses less than 10 species. As many pairs of cut control and regeneration records may be included as necessary. Multiple cuts may be specified for at any given period by including more than one Record 4 with the same value for NCPER. If Flag to specify type of cut. Values: 1 uneven-aged 2thin from below 3thin from above 5remove species ICUTSP from below 6remove species ICUTSP from above Note ICTYP 5 and 6 remove only one species and override species retention priorities set on Record 2. ICUTSP 11-13 13 Standard inventory code for tree species to cut. Applies only to cut types (ICTYP) 5 or 6. Leave blank for other cut types. Q-ratio to specify diameter distribution goal for uneven-aged cuts. This is the ratio of number of trees in successive d.b.h. classes for 1-inch classes. The q-ratio for 1-inch classes is the square root of the q-ratio for 2-inch classes.
ICUTDM 36-37 12 Flag to specify that cuts will consider dwarf mistletoe infection. A value of 0 specifies dwarf mistletoe will not be considered in the cut. Value of 1 specifies dwarf mistletoe will be reduced as much as possible. If left blank, default value is 0.
Leave blank for stands without dwarf mistletoe.
IBURN 38 11
Flag to specify if the cut will destroy all seedlings less than 4.5 feet tall (value of 1) or seedlings will not be affected (value of 0). If left blank, default is 0.
ICREGN 39 11
Flag to specify if the cut will result in established regeneration (value of 1) or no regeneration is expected (value of 0 
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